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DESTRUCTION OF CYCLOTRON RESONANCES
IN WEAKLY COLLISIONAL, INHOMOGENEOUS PLASMAS

I. INTRODUCTION

We investigate the effect of like particle collisions (i.e., ion-ion and electron-electron colli-
sion) on short wavelength, electrostatic cyclotron instabilities in weakly collisional, inhomo-
geneous plasmas. That is, for /02 << 1 and k2 r? >> 1 where v is the collision frequency,
1 is the cyclotron frequency and r, is the mean Larmor radius. We base our analysis on a
model Fokker-Planck equation originally proposed by Chandresekhar' and applied to a homo-
geneous, unmagnetized plasma by Lenard and Bernstein? and to a homogeneous, magnetized
plasma by Dougherty.’ Dougherty found that cyclotron resonances could be destroyed by colii-
sions if »/Q >1 or (v/Q)k? r2 >1. The latter condition is particularly interesting since it
indicates that cyclotron waves with k2 r? >>1 may not exist even though v/ << 1. Physi-
cally this occurs because the particles can diffuse a distance L, —~ (v/Q)"2r, in one gyro-
period. If this distance is greater than a wavelength ( i.e., (v/ Q)kf rL2 >1) then the cyclotron
wave cannot maintain its coherence. In fact, it has been shown analytically that the electron-
Bernstein-mode dispersion equation makes a transition to the ion-acoustic-mode dispersion
equation ( i.e., the electrons become "unmagnetized" ) when (v,/Q )k} rZ > 1.* We men-

tion that this case has been studied numerically and such a transition was not observed.’

We demonstrate in this paper that in weakly collisional, inhomogeneous plasmas, the ion-
and electron-cyclotron drift instabilities transform into their unmagnetized counterparts, the
lower-hybrid-drift and the ion acoustic instabilities, respectively. We discuss the ion-cyclotron-

drift instability (also known as the drift-cyclotron instability)® in detail and show it becomes the
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lower-hybrid-drift instability’ in the region of maximum growth when (m,/m)"? (0/Q;) >
vi/Q,> m/m, for T, =T, plasmas. The first inequality is required to overcome electron viscu-
ous damping, while the second allows the ions to become "unmagnetized." Applications to the

equatorial Spread F phenomenon® and the Tandem Mirror Experiment (TMX)? are discussed.

We point out that several Russian authors have also studied the effects of collisions on
instabilities in inhomogeneous plasmas. Mikhailovskii and Pogutse'® have derived a general
dispersion tensor, including electrostatic and electromagnetic perturbations, based on the
Bhatnagar-Gross-Krook (BGK) collision model.!'! Rukhadze and Silin'? base their analysis on
the Landau collision integral and discuss a variety of drift instabilities. However, neither of the
above studies treat the limit (v / @ )k? r2>1 and hence, do not find a transition to "unmag-

netized" behavior.

The structure of the paper is as follows. In the next section we derive a general disper-
sion equation for electrostatic waves in a weakly collisional, inhomogeneous plasma based upon
a model Fokker-Planck equation. In Section IIl we apply this theory to the ion-cyclotron-drif't
instability, presenting both analytical and numerical results. Finally, in the last section we dis-

cuss the implications of these results for both space and laboratory plasmas.

1. THEORY
A. Physical Configuration and Assumptions

The physical configuration which we consider is described as follows. The equilibrium
magnetic field is B = Byé,, the density varies cnly in the x direction and the temperature is
assumed constant. The density gradient produces a cross-field drift given by Up = ¥, é, where

V,=(v3/20)9 In n/dx is the diamagnetic drift velocity. Here, v} = 2T/m is the thermal

__aie
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velocity and Q0 = gBy/mc is the cylcotron frequency for a species with temperature T, charge ¢
and mass m. We treat only electrostatic oscillations and assume perturbation quantities to vary
as expl—i(k - x — wr)] where k = k, &, + k;é. We make use of the local approximation which
requires kL, >> 1 where L, = (3 In n/8x)~! is the scale length of the density inhomogeneity.

The equilibrium distribution function used in the analysis is'?

th

1 3/2
JSo = ng(x) I:VT-I exp [— (v — Up)/v3). a1

where we emphasize that this is a self-consistent Vlasov equilibrium for strongly inhomogene-

ous plasmas (i.e., L, > r, where r, is the mean gyroradius) locally, say at x = x;.

B. Model Fokker-Planck Equation

We choose the following model Fokker-Planck equation to describe collisional effects!~>

_z S e 1 i PR S U Tas
+"a,+m(E+c"‘m’av, "OV, (v, U/)f"'mav, 2)

where n = fd’vf, ny, = fd’v v,f and 3nT = fd’v m(v=V)2f. The first term in brackets
represents friction and is taken to be proportional to the velocity relative to the mean velocity.
This is a reasonable approximation for thermal particles but is incorrect for "tail" particles. The
second term represents diffusion and is chosen to be isotropic which requires the Debye length
to be less than the mean Larmor radius. This model describes small-angle collisions and is par-

ticularly useful in handling like particle collisions.

Linearizing Eq. (2) we obtain

LIV P : W _ o, g ol e,
a' Vj axj + mle ¥y X Bolj V(Vj Up) a I 3Vf| v 2 avj h(x v [) (3)
where
¢, 9/, 9 T| 8/,
o i Gl s,
h(x,v,1) m 0% OV, + vavj -uf, + - OV,] 4)
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HUBA AND OSSAKOW
- fd’vf,.n,u = fd’v v, f1.3n,(Ty/T,) = (2/v}, )fd’v(v -U)¥, and v} =2To/m.
Here, the subscripts o and 1 denote unperturbed and perturbed quantities, respectively, and
U =U, +y.
We can cast Eq. (3) into a form which can be solved using a Green’s function’ by the fol-

lowing transformation: x—x + V¢ and v—v + V where
v : v
el il L ey
Making use of this coordinate change we find that Eq. (3) becomes

U,.

1VXB] l—'— vf, - vl'-h-%zﬂ-h(xv.l) (5)

/i N
+v 2 Vi

ETIRE T
and h is defined by Eq. (4) with the transformation reflected in f,. We point out that the above

m

coordinate transformation is sign dependent (through the diamagnetic drift velocity U, ) and
cannot be made simultaneously for both species. However, this does ot create a serious prob-
lem since we only consider collisional effects on a single species. Moreover, since we are
interested in the situation where v/ <<1 and k? r? >> 1 we note that (1) the old reference
frame is a good approximation to the new one and (2) the final term in Eq. (4) can be

neglected.* Thus, within the context of these assumptions, we consider

a/, LA
91 e ox;

to describe electrostatic oscillations in a weakly collisional, inhomogeneous plasma where f, is

+|4
m

1 o 8 V,;. Gfl _q_fﬂ_%
i X B,,]j wv, -8 v, -3f - vy sz mox, by, 6

defined by Eq. (1). The important physics contained in Eq. (6) is the modification of the
unperturbed orbits to include a resistive term and the diffusion of perturbations as they are con-

nected along an unperturbed orbit.

C. Derivation of the Dispersion Equation

The dispersion equation for electrostatic perturbations is

D(w, k) =1+ L x, =0 ™

4 L J
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where x, is the susceptability of species a is defined by x,é, = — (4me,/k*)n,,. Thus, we
only need to know the perturbed density in order to determine the linear behavior of electros-
tatic waves. In order to compute the perturbed density we follow the method of Dougherty and
employ a Green’s function.” We only present the results here and refer the interested reader to
Ref. 3 for the mathematical details. In the absence of collisions, the Green's function is a &
function and perturbations are simply convected along the unperturbed orbit. When collisions
are included, the perturbations also spread out due to the diffusion as well as being convected
along the unperturbed orbit (which now includes a resistive term). Thus, the Green’s function

becomes a Gaussian distribution in phase space.

Using notation similar to Dougherty, we find

2
n=—a* H (8)
' v 4
where
)
H, = |i— ; 9)
% [ 90" ’]..-,.-.,
I %_ S ~ drexplior — ®(r) — ¥(1)), (10)
®(r) = % 2 12 [cosh + o7 — exp( — pr)cos(r — )] an
kl 2
+ l——li-[f:r -1 —exp( - 7))
y S
k U,
+ i ln" [exp( — p7)sint + p(1 — exp( — pr)cost)],
2 A
__‘_’_:ILL b K A ky o 1 —expl— (# —iA)7)
w(r) 2 2°’A¢" +2pkp + a Fo i
k A 18 BV g
g ) °""[_ Bt o 5 expl = G + iN)7l (12)
(9] v+ A
2io, U}
Lokt B W expl— (7 + iN)7]t,

2
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B

r ”

e




HUBA AND OSSAKOW

0 =2an"' 5,5 = v/Q,6 = w/Qande} = (3Inn/dx,),... Note that we use a polarized coordi-
nate system (x'.x%x~') where x' = (1/vD) (x + iy),x* = z and x~' = (1/VD)(x — iy). This
transformation is unitary but not orthogonal so we must distinquish contravariant and covariant

vectors.

Making use of Egs. (8) - (12), we arrive at

2w3 lw—-kU, L] el
X = —k—z-T,z,,— l 1+ l[ i T J; drexpliar — ®(7)] (13)
where w? = 4w ng?/m. We emphasize that this expression for x is only valid for »/Q <<1 and
k? r2>>1. Note that in the limit L,—oo ( i.e., U,—0 ), Eq. (13) reduces to a result

equivalent to that derived by Allan and Sanderson* and in the collisionless limit (5 = o)

becomes

2w} | o=k U, ? 1 kU,
"'k_h%”’l_n—o]fd”"’[""”i"f rf (cost = 1) = i ==Lsin 7 (14)

+ %’ k" rZTzl

which is a standard result.!’

III. APPLICATION: ION-CYCLOTRON-DRIFT INSTABILITY

The ion-cyclotron-drift (ICD) instability (also known as the drift-cyclotron instability)®
has received considerable attention in the past 15 years. It is thought to play an important role
as an anomalous transport mechanism in a variety of "collisionless" plasmas (e.g., post-
implosion stage of a theta pinch,'® solenoidal section of TMX,!” the polar cusp,'® the iono-
sphere,'? the Earth’s magnetotail?®). The instability can be excited when L,/r,; < (m;/m,)'/3/1
and is characterized by w, ~ /), and y ~ /Q,(m,/m,)"* where w = w, + iy and / is the ion

cyclotron harmonic number. Maximum growth occurs for k- B =0 (i.e., k;, = 0) with
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krye ~ (T,/T)"? in dense plasmas (i.e., w2 >> 02). Note that to satisfy the condition

(v, /Q)k2rZ > 1 at maximum growth, we require

:l_”, > %j’ (15)
For a hydrogen plasma, Eq. (15) implies that if (v,/Q,) > 5 x 1074, ion-ion collisions will
destroy the cyclotron resonances and hence, the ICD instability. However, rather than drive
the plasma to stability we demonstrate, both analytically and numerically, the transformation of
the ICD instability to the lower-hybrid-drift (LHD) instability in the presence of weak ion-ion

collisions.

The dispersion equation under consideration is

D(w, k) =i+ x, +x. =0 (16)
where
-k Vy o0
Xi ™ kz 2 I [w L g ‘I; dfexp(‘w'r/ﬂ, _¢,'(T))]. (17)
w, kv,
Xe = 2'" [ exp(b)l(b)[l— Lt ” (18)
k v @
and
®,(7) = 'lz_kf ,g, [cos:r + i,r—exp(—ﬁ,‘r)cos(r—l))] (19)
k V,
+ i—*ﬁi [exp(—n", r)sint + 5, (1 — exp( — D,r)cosr)l,

v, =v,/0,, b = -;— K rl,, @}, =4mnel/m, v} =2T,/m,, Vo= (v2/20,)(d In n/dx)

x=xg
Q,=e,Bym,c I is the modified Bessel function of order /. The simple form chosen for the
electron susceptibility is valid since ), < w << Q, and it is assumed that »,/Q, << I,
Vee/ R, << 1 and v, k? r}, << w (i.e., the electrons are collisionless). The final condition is

required to avoid collisional damping due to electron viscosity?' and will be discussed further in

PO ey o
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the final section. We emphasize that Eq. (17) is valid only in the regime
v,/Q, << 1 and k2r} >> 1.
A. Analytical Results

i. p(kr}) << 1

In the limit #(k?r}) << 1, # << 1 and k*r} >> 1 collisional effects can be ignored and

we find that
2w3, w— kV, \/.;
X, = v [1 - a i cot(mra) (20)
and
2w,,,
Xe = v 2 1- exp(—b,) Iy(b,) @1

which are the standard results for the ion-cyclotron-drift instability. Noting that

oo

meot (mz) = Y

m=—o0

1 i : :
= we can rewrite Eq. (20) in a more conventional form®

(22)

- 1_ —
Xi=

2w} | w - kV,
Vi kry, S e-mQ

where (V/mkr,,)™" is the large argument expansion of /,, [% kzr,f‘,l exp [ - % k’r,_’,]. The ion

cyclotron resonances are apparent in Eq. (22).
i, pE) > 1
In the limit 5(k?r2) > 1, » << 1 and k*rZ, >> 1 we can again approximate the electron
susceptibility by Eq. (21). However, the ion susceptibility is changed substantially from Eq.
(20). We consider Eqs. (17) and (19) and point out that for k? r2 >>1 the dominant contri-

bution to the integrand occurs in the vicinity of r=2wm(m =0, 1, 2,..). We let

T = 2mwm + tand obtain

p——
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" - k¥,
Jy v exotiar - 00 = foa0 G Ii lw o ‘ £ % erE,le 23)
o 2am + 5 e - kai 1 5 ‘ w—kV'
i m§ fzm—am dt exp [’ [ Q ol szl.z,fz] expl—2mwk?r} mv) exp|+27im [.__nl_i

where &), 8, << 1. Clearly when #(k*r?) > 1, the first term in Eq. (23) is dominant and we

find (letting 8 — °°) that

\20)}'
Xi = kz—v,z n+¢zZe)l (24)

where {, = (o — kV,;)/kv, and we have made use of the relation

Z(Q) = i exp(={D(1 + erf(iD)). (25)

Thus, the dispersion equation becomes

2w}, 2w3, kVy
D(w, k) =1+ 727, n+¢zE) + kz_vz 1-11- = exp(=b,) Iy(b,) (26)
which describes the lower-hybrid-drift instability.” Physically, the instability is excited since the
ions can now move across the field lines and be in resonance with the drift wave. We mention
that this analyéis parallels that of Allan and Sanderson who considered electron Bernstein

modes in a homogeneous plasma.22 Finally, note from Eq. (23) that the ICD instability will

also iransform into the LHD instability in the strong drift velocity regime (i.e. y > Q,).

B. Numerical Analysis

We now solve Egs. (15)-(18) numerically. As a relevant example, we consider the equa-
torial F region of the ionbsphere where the dominant ionic cemponent is O' so that
m, = 16 m,. Recent experimental observations indicate intense VHF and UHF radar back-
scatter during equatorial spread F resulting from density irregularities of 1 m and 36 cm, respec-
tively.'” These irregularities correspond to wavelengths such that k*r2 >> 1. Since there is
also evidence of density inhomogeneities with scale lengths L,/r;, < (m,/m,)'22 it has been
suggested that the ICD or LHD instabilities are responsible for the irregularities. Also, because

v,/0, < 10~% ion-ion collisions can play a significant role and a numerical study is required.

9
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HUBA AND OSSAKOW

In Fig. 1 we show y/Q, vs. kr,, and kr,, for typical ionospheric parameters: 7, = T,
W/, = 10.0, V;/v;, = 0.037 which corresponds to L, = 13 r;,(= 75 m) and v,/Q, = 0.0,
107%, 1075, 107*. We comment that wave growth also occurs for kr,, > 1.5 but has not been
plotted. We first indicate the wave.growth spectrum for. the LHD instability (—) where we
have used Eq. (25). The spectrum is broadband with maximum growth at kr,, = 1.2 with
w, =300, and y =0.08 ;. Growth occurs for kr,, < 0.15 but is very weak (i.e.,
y <1073Q,). For v,/Q, = 0.0 (—: —-—) we see that the first three cyclotron harmonics of
the ICD instability are excited with maximum growth occurring at kr,, = 1.0 with w, = 3.0 0,
and y = 0.15 Q,. As v,;/Q, is increased to 10~% (— ——~—) we already note a change in the
wave spectrum. Although the harmonic structure is maintained, the maximum growth rate
decreases 6% and growth is extended beyond kr,, ~ 1.45 for the 3rd harmonic. For
v/, =107 (=) a more dramatic change occurs in the wave spectrum as the harmonic
structure becomes distorted. The wave spectrum collapses to the LHD curve for kr;,, = 1.4
(kr;, = 210) which corresponds to (v,/Q,)k*r}, ~ 0.5. Moreover the maximum growth rate
decreases by 40% to y ~ 0.09 Q,. The first two harmonics are still evident although their
growth rates have decreased somewhat. When v/, = 107* (xxxxx) the wave spectrum falls

on the LHD curve and only the slighest hint of harmonic structure remains at / = 1 and / = 2.

Figure 2 plots y4,/Q; vs. Vy/v, for T, = T,, w, /0, = 10.0 and »,/0, = 0, 107¢, 1075,
10~*. Here vy, is the growth rate maximized with respect to k. Again we indicate the results
of the LHD insiabiliy (=) as a reference. Setting v,;/0); = ¢ we recover the ICD instability
which displays substantially stronger growth than the LHD instability for weak drifts (i.e.,
V4 < 0.10 v;). We can distinguish the excitation of the first 8 harmonics as V,,/v, is increased.
Also, note the transition to the LHD instability for V, > 0.11 2, which occurs when

y ~ 0.75 0, as indicated earlier. For v,/f}, = 10~¢ (———~) we note that the growth rates

10
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are generally reduced for V¥, < 0.085 v, although 8 harmonics are still apparent. Increasing
v./Q, 10 1075 (-+) causes the wave spectrum to collapse to the LHD spectrum with only the

first S harmonics visible. Finally, for »,/Q, = 10~* the curve lies on the LHD plot.

Thus, we have shown numerically that the ICD instability makes a transition to the LHD

v" »
instability for a kird > 1. Since growth occurs for k?r2 >> 1, we find that only a very

i > 1075

a2 is needed to cause this transition in the region of

small amount of collisions

maximum growth. For typical ionospheric conditions, 10* cm™ < n < 10® cm™, T, ~ 0.1 eV

and B ~ 0.3 G we find that 10* < =~ < 10! 50 that the LHD instability should dominate

L}

when instability occurs. However, it is found that the condition »,, k? 72, < w is not satisfied
when n > 10* cm~? for moderate density gradients (L, > 8.0 7,,) and it is expected that the
LHD instability will be stabilized by the viscuous damping of the electrons for this situation.
Hence, instability is likely to occur infrequently and will be restricted to low density regions of
the F region, such as the interior of ionspheric bubbles during equatorial Spread F?*. We defer
a more complete discussion of this instability and its application to Spread F to a subsequent

report.

1V. DISCUSSION

We have demoﬁs(nled, both analytically and numerically, that cyclotron resonances can
be destroyed in dense (w, > f1), weakly collisional, inhomogeneous plasmas when
(w/0)k*r > 1. The physical mechanism for this phenomenon is that particies can diffuse a
distance Lp ~ (v/01)"2r, in one gyroperiod due to collisions. If ihis distance exceeds the
wavelength (i.e., (v/01)k?rf > 1) then the wave can no longer maintain its coherence. This

result is in accordance with the work of Dougherty’ and Allan and Sanderson* who considered

11
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only homogeneous plasmas. It is an important result since it indicates that the ion and electron
drift-cyclotron instabilities transform into their unmagnetized counterparts, the lower-hybrid-
drift (LHD) instability and the ion acoustic (IA) instability, respectively, for weakly collisional
plasmas. We specifically discussed the ICD instability in detail and found the transition to
occur in the region of maximum growth for (v,/Q;) > (m,/m). However, we have also
pointed out that electron viscous damping can stabilize the LHD instability when
v. k? rf, > w since electron viscosity provides a dissipative mechanism for the wave. Recog-
nizing that v, ~(m/m,)"? v we find that (m,/m)"? w/Q, > v,/0, is required for instabil-
ity to occur in the region of maximum growth. Electron-electron collisions then have the effect
of placing a threshold condition on the diamagnetic drift velocity necessary to excite the LHD
instability since w~kV,,. Hence, "collisionless" plasmas on cyclotron time scales, such as the F

region in the ionosphere, may in fact be strongly affected by weak collisions as we have shown.

In collisionless plasmas both the ion and electron cyclotron drift instabilities require a crit-
ical density gradient scale length to be excited. This occurs because the instabilities are pro-
duced by a coupling of a cyclotron wave w; = {} and a drift wave w, = k¥,, and a critical drift
velocity is therefore required to satisfy the matching condition w,= w,. However, when
(v/Q)k?r > 1 these instabilities transform into the LHD and IA instabilities which are driven
via wave-prticle resonances and have different turn-on criteria. In the case of the LHD insta-
bility a critical drift velocity is required to overcome electron viscuous damping as discﬁued
above. On the other hand, the critical drift velocity for the IA instability is sensitive to T,/7T,

and may or may not be excited depending on the actual plasma conditions.

The difference in the nonlinear behavior between the ICD and LHD instabilities, and the
ECD and IA instabilities is probably a more important consequence of the theory since entirely

different stabilization mechanisms are operable. The ECD instability has been studied in detail
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and it has been found that in the collisionless limit, resonance broadening due to turbulence
effectively "unmagnetizes” the electrons and a transition is made to the 1A instability.? This is
the same result we have found for (v,/0,)k*rf. > 1. A variety of theories have been pro-

posed for the nonlinear saturation of the IA instability and they will not be discussed here.

Recent nonlinear theories have been presented for the stabilization of the ICD instability
and rely upon a nonlinear frequency shift?’ or low-frequency (o << ,) density fluctuations.?®
On the other hand, the suggested saturation mechanisms for the LHD instability are quasilinear
stabilization,® jon trapping’® and electron resonance broadening.’' We comment that
Hasegawa’s theory?® concerning stabilization via low-frequency density fluctuations is also appli-
cable to the LHD instability. We will not discuss the details of these stabilization mechanisms
but simply emphasize that diﬂ‘erer;l saturation energies are anticipated for the ICD and LHD
instabilities. Hence, the role of weak ion-ion collisions can substantially alter the nonlinear

plasma response due to different anomalous transport properties.

Although we have only discussed an application of this theory to the ionosphere, we wish
to point out its relevance to the Tandem Mirror Experiment (TMX).>. TMX will consist of a
straight solenoidal plasma which is confined by conventional mirror end cells. The solenoidal
section will be similar to a theta pinch and the ions are expected to have a roughly Maxu‘rellian
distribution. Since density gradients are expected with scale lengths such that
L,/r; < (m;/m,)"2, it is anticipated that the ICD instability is likely to occur. Using expected
operating parameters for the solenoidal section (7, = 80 eV, n = 10"’ cm™?, B = 500 G), we
find that »,/Q, ~ 4 x 10, Thus, we conclude that drift waves with kr,, > 15 will probably

be excited by the LHD instability and the nonlinear dynamics in this regime can be studied

using unmagnetized ions. Of course, finite 8 and temperature gradient effects are also expected
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to play a role in TMX'7-3233 which are not considered in this paper. However, in principle

these effects can be included in a straightforward manner and are not expected to alter this con-

- clusion.

Finally, we point out that the G;een's function method used in this work is not the most
direct technique, although it lends itself to a simple physical interpretation. Recently, Catto has
computed the perturbed density in a collisional, inhomogeneous plasma using a velocity
transform method** which is a simpler analysis. For a more complex situation (e.q., inclusion
of temperature gradients, V B and electromagnetic effects ) this procedure would be preferable

to the one outlined in this work.
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Fig. | — Plot of y/Q, vs. kr,, and kry, for m =16 m,, 1' =T,
wpe/D, =100, V,/V, = 0037 and v,/ = 0.0 (= - ~ - — W )
- =105 ) and 10~ (x x x x x). The solid line represents
the lower-hybrid-drift instability.

V.Iv,

Fig. 2 = Plot of y,,/0}; vs. V,/v, form =16 m, T, = 1;,.,/0 = 10.0 and
v 0, =00 (= = =), 10% (= = = =), 105 (- ) and 107*

(x x x x x). The solid line nmunu the lower-hybrid-drift instability.
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MUNTSVILLE, AL 35807

01CY ATTN ROMEQ A, DELIBERIS

CHARLES STARK DRAPER LABORATORY, [NC.
555 TECNOLOGY SQUARE
CAMBRIDGE, Ma 02139

0lCY ATTN J. 8. COX

0lCY ATTN J. P. GILMORE

COMPUTER SCIENCES CCRPORATICN
35085 ARLINGTON 3LVD
FALLS CMURCH, VA 22048
0ICY ATTN M. 2LANK
01CY ATTN JOMN SPOOR
01CY ATTN C. NAIL

COMSAT LABORATORIZS

LINTHICUM ROAD

CLARKSBURG, ™D 2073%
0lCY ATTN G. HYDE

CORNELL UNIVERSITY
DEPARTMENT OF SLECTRICAL ENGINEERING
[THACA, NY 14850

0ICY ATTN O. T, FARLEY R

ELECTROSPACE SYSTEMS, [NC.
80x 1359
RICHARDSON, TX 75080
01CY ATTN M. LOGSTON
01CY ATTN SECURITY (PAUL PRILLIPS)

2SL INC.

495 JAVA ORIVE

SUNNYVALE, CA 94086
01CY ATTN J. RCBERTS
01CY ATTN JAMES MARSHALL
0lCY ATTN C. Ww. PRETTIE

FORD AEROSPACE § COMMUNICATIONS CORP
3939 FAJIAN WAY
PALO ALTO, CA 94303

01CY ATTN J. T. MATTINGLEY

GENERAL ELECTRIC COMPANY
SPACE DIVISION
VALLEY FORGE SPACE CENTER
GOODARD 3LVD <ING OF PRUSSIA
P. 0. 30x 8555
PHILADELPHIA, PA 19101
0lCY ATTN M, 5., BCRTNER 3PaCE 3CI .A8

GENERAL ELECTRIC COMPANY
f. 0. 80x 1122
SYRACUSE, NY 13201

01CY ATTN F. REI3ERT

GENERAL ELECTRIC COMPANY
TEMPO-CENTER FOR ADVANCED 3TUD!ES
816 STATE STREET (P.0. JRAWER CQ)
SANTA 3AR8ARA, CA 93102

0iCY ATTN DASIAC

01CY ATTN OON CHANDLER

0ICY ATTN TOM 24ARRETT

01CY ATTN TIM STEP=ANS

01CY ATTN #ARREN 5. <wPP

QLCY  ATTN WllL[AM MONAMARA

QLCY  ATTN 3, SAMB L.

JICY  ATTN 4ACK STANTIN

a
i




JENERAL ELECTRIC TECw 3SERVICES CJ., IMC.
~MES

COURT STREZT
SYRACLSE, \r 13201
10y ATTN G, MILLMAN

GENERAL RESEARCH CORPORATION
SANTA 3ARBARA DIVISION
P. 0. 30x 6770
SANTA 3ARBARA, CA 93111
01CY ATTN vOWN [SE JR
0lCY ATTN JOEL GARBARINO

GEOPHYSICAL [NSTITUTE
UNIVERSITY OF ALASKA
FAIRBANKS, AK 99701
(ALL CLASS ATTN: SECURITY OFF[CER)
01CY ATTN T. N. DAVIS (UNCL ONLY)
0LCY ATTN NEAL BROWN (UNCL ONLY)
01CY ATTN TECHNICAL LIBRARY

GTE SYLVANIA, INC.
ELECTRONICS SYSTEMS GRP-EASTERN OlV
77 A STREET
NEEOHAM, MA 02194
ClCY ATTN MARSHAL CROSS

ILLINOIS, UNIVERSITY OF
OEPARTMENT OF ELECTRICAL ENGINEERING
URBANA, [L 6i803

01CY ATTN K. YEM

[LLINOIS, UNIVERSITY OF
107 COBLE MALL
801 S. WRIGHT STREET
URBANA, IL 60680
CALL CORRES ATTN SECURITY SUPERVISOR FOR)
01CY ATIN K. YEW

INSTITUTE FOR DEFENSE ANALYSES

400 ARMY-NAVY ODRIVE

ARLINGTON, VA 22202
01CY ATTN J. M, AEIN
01CY ATTN ERNEST BAUER
01CY ATTN HANS WOLFHARD
01CY ATTN JOEL BENGSTON

HS3, INC.
2 ALFRED CIRCLE
3EDFORD, Ma (01730
01CY ATTN OONALD MANSEN

INTL TEL § TELEGRAPH CORPORATION
500 WASHINGTON AVENUE
NUTLEY, NJ 07110

0ICY ATTN TECHNICAL LIBRARY °

JAYCOR
1401 CAMINO OEL MAR
JEL MAR, CA 52014
OLCY ATTN 5. R. GOLOMAN

JOMNS HOPK INS UNIVERSITY

APPLIED PYSICS LABORATCRY

JOHNS HOPK INS RCAD

LAUREL, MO 20810
QICY ATTN DOCUMENT LIBRARI[AN
0L1CY ATTN THOMAS POTEMRA
0LCY ATTN JOMN DASSOULAS

LOCKHEED MISSILES & SPACE CO INC
2. 0. 30x 504
SUNNYVALE, A 34088

J1CY  ATTN DEPT 50-12

21CY ATTN J. R, CHMRCHILL

LOCKHEED MISSILES AND SPACE CO INC

3251 HANCVER STREET

P4LC ALTO, CA 96306
0ICY ATTN MARTIN wALT JEPT 52-19
01CY ATTN RICHARD &. JOPNSON DEPT 52-12
01CY ATTN 4. L. [MMOF JE°T 52-12

2

KAMAN SCIENCES CORP

P, Q. 80X 7463

COLORADO SPRINGS, CO 30933
01CY ATTN T. MEAGHER

LINKABIT CORP
10653 ROSELLE
SAN DIEGO, CA 92121
01CY ATTN [RWIN JACO3S

LOWELL RSCH FOUNDATION, UNIVERSITY OF
450 AIKEN STREET
LOwELL, MA 01854

0lCY ATTN K. 3I8L

M. [.T. LINCOLN LASORATORY

P. 0. BOX 73

LEXINGTON, MA 02173
01CY ATTN DAVID M. TOWLE
01CY ATTN P. WALDRON
01CY ATTN L. LOUGHLIN
J1CY ATTN D. CLARK

MART [N MARIETTA CORP
ORLANDO DIVISION
P. 0. 30x 5837
ORLANDO, FL 32805
0lCY ATTN R, AEFFNER

MCOONNELL OOUGLAS CORPORATICN
5301 30LSA AVENE
MUNTINGTON BEACH, CA 92647
0ICY  ATTIN N. 4ARRIS
OLCY ATTN J. MOWLZ
01CY ATTN GEORGE MROZ
01CY ATTN w. OLSON
01CY ATTN R. 4. MALPRIN
01CY ATTN TECANICAL J[3RARY 323VICES

MISSION RESEARCH CORPORAT [ON

735 STATE STREET

SANTA BARBARA, CA 93101
01CY ATTN P. F[SCHER
0lCY ATTN w. F, CREVIER
0ICY ATTN STEVEN L. GUTSCHE
01CY ATTN O. SAPPENFIELD
01CY ATTN R. 30GUSCH
01CY ATTN R. =~ENDRICK
0ICY ATTN RALPH K[LB
01CY ATTN JAVE SOWLE
01CY ATTN F. FAJEN
01CY ATTN M. SCHEIS3E
01CY ATTN CONRAD L. LONGMIRE
01CY ATTN WARREN A. SCHLUETER

MITRE CORPORAT[ON, THE

P. 0. BOx 208

BEDFORD, MA 01730
JICY ATTN JOMN MORGANSTEIN
01CY ATTN G. HARDING
0ICY ATTN C. E. CALLAMAN

MITRE CORP
AESTGATE RESEARCH PARK
1820 DOLLY MADISON 3LVD
MCLEAN, VA 22101
0I1CY ATTN W. MALL
01CY ATTN W. FOSTER

PACIF[C-SIERRA RESEARCH CORP
1456 CLOVERF[ELD BLVD.
SANTA MONICA, CA 9040w

01CY ATTN E. C. FIELD uR

PENNSYLVANIA STATE UNIVERSITY
[ONOSPHERE RESEARCH LAJ
318 ELECTRUICAL ENGINEERING EAST
UNIVERSITY PARK, PA 16802
(NO CLASSIFIED TC THIS ADDRESS)
QLCY  ATTN {ONOSPHERIC RESEARCH LA3

B S-S, A o . aa .
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PHOTOMETRICS, INC.
442 MARRETT R0AD
LEXIMGTON, MA 02173
01CY ATTN [RVING L. <OFSKY

PHYSICAL JYNAMICS [NC.
P. 0. 80x 3027
3ELLEWUE, wA 98009
01CY ATTN E. J. FREMOUW

PHYSICAL OYNAMICS (NC.

P. 0. 30x 1063

SERKELEY, CA 94701
01CY ATTN A, TmOMPSON

R & D ASSOCIATES

P. 0. 80X 9695

MARINA DEL REY, CA 90291
01CY ATTN FORREST GILMORE
01CY ATTN BRYAN GABBARD
01CY ATTN AILLIAM 3. MRIGHT JR
01CY ATTN R0BERT F. LELEVIER
QICY ATTN WILLIAM J. KARZAS
0lCY ATTN M. ORY
0ICY ATTN C. MACDONALD
Q1CY ATTN R. TURCO

RAND CORPORATION, THE

1700 MAIN STREET

SANTA MONICA, CA 90606
01CY ATTN CULLEN CRAIN
QICY ATTN ED 3EOROZ IAN

RUVERS [DE RESEARC~ I[NSTITUTE
80 WEST ENO AVENUE
NEw YORK, NY 10023

Q1CY ATTN VINCE TRAPANI

SCIENCE APILICATIONS, INC.

2. 0. 30x 2351

LA JOLLA, CA 32038
01CY ATTN LEWIS M. LINSON
01CY ATTN DANIEL A, HMAMLIN
01CY ATIN D. SACHS
01CY ATTN E. A, STRAKER
QICY ATTN CURTIS A. SMITH
01CY ATTN JACK MCOOUGALL

RAYTHEON CO.
528 30STON POST R0AD
SUDBURY, MA 01776

31CY ATTN 3ARSARA ADAYS

SCIENCE APPLICATIONS, INC.
HUNTSVILLE OIVISION
2109 w. CLINTON AVENUE
SUITE 700
AUNTSVILLE, AL 35805
01CY ATTN DALE H. DIVIS

23

SCIENCE APPLICATIONS, [NCCRPCRATED
8400 WESTPARK DRIVE
MCLEAN, vA 22101

JICY ATTN J. CCCKAYNE

SCIENCE APPLICATIONS, INC.

80 MISSION ORIVE

PLEASANTON, CA 94566
01CY ATTN SZ

SRI INTERNAT [ONAL

333 RAVENSWOOD AVENUE

MENLO PARK, CA 94025
01CY ATTN JONALD NEILSON
01CY ATTN ALAN BURNS
01CY ATTN G. SMITH
01CY ATTN L. L. COB8
01CY ATTN DAVID A. JORNSON
01CY ATTN WALTER G. CHESNUT
01CY ATTN CHARLES L. RINO
O0LCY ATTN WALTER JAYE
01CY ATTN M. BARON
01CY ATTN RAY L. LZADABRAND
01CY ATTN G. CARPENTER
01CY ATTN G. PRICE
01CY ATTN J. PETERSON
0LCY ATTN R. MAKE, WR.
01CY ATTN V. GONZALE3S
0ICY ATTN O. MCDANIEL

TECHNOLOGY [NTERNATIONAL CORP
75 WIGGINS AVENUE
BEDFORD, MA 01730

01CY ATTN W. P. BOQUIST

TRW OEFENSE §& SPACE SYS GROUP

ONE SPACE PARK

REDONDO BEACH, CA 90278
01CY ATTN R, K. PLEBUCH
01CY ATTN S. ALTSCHULER
01CY ATTN D. OEE

VISIDYNE, INC.
19 THIRD AVENUE
NORTH WEST INOUSTRIAL PARK
BURLINGTON, ~A 01803
01CY ATTN CHARLES MUMPHREY
Q1CY ATTN J. W. CARPENTER
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IONOSPHER [C MOOEL ING DISTRIBUTION oIST
UNCLASSIFIED ONLY

PLEASE DISTRIBUTE ONE COPY TQ EACH CF THE FOLLOWING PEOPLE: |

-y~ -

L

ADVANCED RESEARCH PROVECTS AGENCY (ARPA)
STRATEGIC TECANOLOGY OFFICE
ARLINGTON, VIRGINIA

CAPT. DONALD M. LEVINE

NAVAL RESEARCH LABORATORY
WASFINGTON, 2.C. 20375

OR. P, MANGE

SR. R, MEIER

OR. €. SZUSICZEWICZ - COOE 7127
OR. TIMOTHY COFFEY - CODE 6700
OR. §. OSSAKOW - COOE 6780

OR. y. GOUOMAN - CODE 7560

SCIENCE APPLICATIONS, (NC.
1250 PROSPECT PLAZA
LA JOLLA, CALIFORNIA 92037

OR. J. A. RAMLIN
OR. L. LINSON
OR. 0. SACHS

JIRECTOR OF SPACE AND ENVIRCNMENTAL LABORATORY
NOAA
BOULOER, COLORADO 80302

OR. A, GLENN JEAN
OR. G. W. ADAMS
OR, J. N. AMDEISON
OR, K. DAVIES

OR. R, F. DONNELLY

A, F. GEOPHYSICS LABCRATORY
L. G. MANSCM FIELD
SEDFCRD, MASS. 01730

OR. T. EXINS

OR. Ww. SwIDER

MRS. . SAGALYN
CR, J. M. FOR3ES
JR. T. u. KEMESREA
OR. J. AARONS

QFF ICE CF NAVAL RESEARCH
800 NORTH QUINCY STREET
ARLINGTON, VIRGINIA 22217

M. A, MULLANEY

COMMANDER
NAVAL ELECTRONICS LABORATORY CENTER
SAN JIEGO, CALIFORNIA §2152

OR. M. BLEIELISS
M. 1. ROTHMULLER
Ok, V. HILOEBRAND
MR, R, ROSE

U. §. ARMY ABERDEEN RESEARCH AND OEVELCPMENT CENTER
SALLISTIC RESEARCH LABORATCRY
ABEWDEEN, VARYLAND

OR, J. ~EIvEAL
COMMANDER
NAVAL A[R SYSTEMS COMMAND
JEPAATVENT OF THE NAWY
wASAINGTON, 0.0, 20340

M. T, CI.8a

24

HARVARD UNIVERSITY
HARVARD SQUARE
CAMBRIDGE, ™MASS. 02138

OR, M. 3. MCELROY
OR, R. LINDZEN

PENNSYLVANIA STATE UN[VERSITY
UNIVERS[TY PARK, PENNSYLVANIA 18302

OR, J. 5. NISBET
OR. P. R, ROHRBAUGN
OR. D. £. BARAN
OR. L. A, CARPENTER
OR., ™, LEE

OR. R, DIVANY

OR. P. 3EMNETT

OR. E. <LEVANS

UNIVERSITY OF CALIFORNIA, LOS ANGELES
405 HILLGARD AVENUE
L0S ANGELES, CAL[FORNIA 90024

OR. F, V. CORONITI
OR. C. <ENNEL

UNIVERSITY OF CALIFORNIA, BERKELEY
3ERKELEY, CALIFORNIA 94720

OR. M. MUDSON

JTAM STATE UNIVERSITY
4Th N, AND 8TH STREETS
LOGAN, UTam 84322

OR. P. M., BANKS
DR. R. HARRIS
OR. V. PETERSON
oM. R, MEGILL
OR. K. BAKER

CORNELL UNIVERSITY
ITHACA, NEw YORK 14850

OR. w, E. SWARTZ
OR. R. SUOAN
OR. O. FARLEY
OR. M, KELLEY
M. E. OTT

NASA
GUOCARD SPACE FLIGHT CENTER
GREENBELT, MARYLAND 20771

JR. S. CHANORA
OR. K. MAEDD

PRINCETON UNIVERS(TY
PLASMA PHYSICS LABORATORY
PRINCETON, NEW JERSEY (08540

OR, 7, PERKINS
M. €. FRIEMAN

INSTITUTE FOR DEFSNSE ANALYSIS
400 ARMY/NAVY ORIVE
ARLINGTON, VIRGINIA 22202

R, E. %ALER

UNIVERS[TY OF PITTSOURGH
PITTSBURGH, PA. 15213

OR, N, ZABUSKY
R, M, 3IMNDI
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